Abstract. Increasingly, biological reserves throughout the world are threatened by cumulative alterations in hydrologic connectivity within the greater landscape. Hydrologic connectivity is used here in an ecological sense to refer to water-mediated transfer of matter, energy, and/or organisms within or between elements of the hydrologic cycle. Obvious human influences that alter this property include dams, associated flow regulation, groundwater extraction, and water diversion, all of which can result in a cascade of events in both aquatic and terrestrial ecosystems. Even disturbances well outside the boundaries of reserves can have profound effects on the biological integrity of these "protected" areas. Factors such as nutrient and toxic pollution and the spread of nonnative species are perpetuated by hydrologic connectivity, and their effects can be exacerbated by changes in this property. Hydrological alterations are now affecting reserves through increasingly broad feedback loops, ranging from overdrawn aquifers to atmospheric deposition and global climate change. Such alterations are often beyond the direct control of managers because they lie outside reserve boundaries, and data on hydrologic connection between reserves and surrounding landscapes are scant. The subject of water has also been typically excluded from the literature pertaining to both theoretical and practical aspects of reserve size, isolation, and design. This results, in part, from early management strategies developed when the landscape matrix outside of reserves was not excessively fragmented, and when awareness of hydrologic connectivity was in its infancy.
#82~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. m and riparian corridors are not only perpetuated by_hy-drologic connectivity, but also their effects are often exacerbated by changes in this property (Pringle 2000a) .
Hydrologic connectivity must be carefully managed, both within and beyond the boundaries of biological reserves. Much of the landscape's surface configuration can be attributed to its drainage network of rivers that form a predictable structural pattern affecting watershed geochemistry, topography, climate, and vegetation. However, protection and management of hydrologic connectivity have not been given the attention that they deserve by either conservation biologists or resource managers. There are three major reasons for this. First, hydrologic connectivity is typically not considered in the scientific literature dealing with management and conservation of fragmented landscapes (but see Page et al. 1997 ). Most of the theoretical underpinnings of the conservation biology of fragmented landscapes were developed, under a conceptual model of landscapes that were not yet entirely fragmented, and when awareness of riverine connectivity was in its infancy. It has not been until the last decade that we have begun operating on the premise that groundwaters and surface waters are interconnected as a single resource (e.g., Winter et al. 1998) . Although there are excellent books on the subject of habitat fragmentation, the words "stream" or "river" do not even appear in the indices of major books on this subject (e.g., see Shafer 1990 , Schelhas and Greenberg 1996, Laurance and Bierregaard 1997, Soule and Terborgh 1999). For example, the Biological Dynamics of Forest Fragments Project (also known as the Minimum Critical Size Ecosystem Project) involved the creation of forest fragments of different sizes and the monitoring of biodiversity in these fragments through time, yet the presence or absence of surface water was not a criterion in the experimental design (R. 0. Bierregaard, personal communication). Secondly, hydrologic connectivity is often ignored until water quality and quantity problems reach problematic proportions, because of lack of data on how hydrology fits into the greater landscape. In many cases, information as basic as river discharge is not available. Finally, many alterations in hydrologic connectivity are outside reserve boundaries and beyond the immediate control of managers (Pringle 2000b) .
Much emphasis has been placed on the size, shape, and configuration of reserves (summarized in Primack 1993), e.g., Which is more optimal: one large vs. several small reserves? Are reserves connected byforested corridors or not connected? However, these questions have not been asked within a hydrologic framework. For example: How do the size, shape and configuration of a given reserve with respect to watersheds, regional aquifers, and precipitation patterns determine its response to disturbance? In this paper, I discuss human effects on spatial and temporal dimensions of hydrologic connectivity and challenges of managing these effects. Examples are drawn from reserves throughout the world that vary in size, biome, and location within the hydroscape (i.e., with respect to watersheds, regional aquifers, and wind/precipitation patterns). Finally, a case study focuses on issues of hydrologic connectivity at La Selva Biological Station, Costa Rica, a relatively small (-15 km2) biological reserve that is located in a hydrogeologically complex landscape undergoing rapid development.
HUMAN EFFECTS ON SPATIAL AND TEMPORAL

DIMENSIONS OF HYDROLOGIC CONNECTIVITY
There is a rich body of literature about connectivity in riverine ecosystems and how it is affected by human perturbations ( 
Lower watershed
Reserves that incorporate river deltas face extreme management challenges, given that rivers integrate watershed-level processes and the complexity of oceanfreshwater-land interactions. The mass movement of people to coastal urban areas is a dominant demographic trend of the late 20th century in both the developed and developing world (Hinrichsen 1998 Sediments once carried by rivers to deltaic and coastal areas are now retained by upstream dams. Consequently, deltas and coastal areas are often "sedimentstarved," leading to severe coastal erosion. Sediment once carried to the Mediterranean Sea by the Nile River is now deposited behind upstream dams (e.g., the Aswan High Dam), producing shore erosion in the Mediterranean (near Baltin, Egypt) of -151 m/yr (McCully 1996) . This pattern is repeated throughout the world, from the highly eroded Mississippi Delta on the Louisiana coast to the great mangrove forests in the Niger Delta. The latter are being eroded at a rate of tens of meters per year, as a result of a -70% reduction in sediment transport by the Niger River following construction of upstream dams (Hinrichsen 1998 ). In the United States, many coastal parks suffer shore erosion: Cape Cod National Seashore, Cape Hatteras National Park, and Indiana Dunes National Lakeshore (NRC 1988 (NRC , 1990 ). The submergence of existing wetland habitat in coastal areas is a long-term issue being examined by U.S. land management agencies (NRC 1990 Fig. 3B ) is >30 times the size of Zion and provides a semiarid subtropical example of a reserve located in a "middle watershed." Similar to Zion, the upper watersheds of rivers transversing Kruger (Fig. 3B) are also characterized by burgeoning human populations that increasingly affect water quality and quantity. Rapid expansion of irrigation farming, tree farming (using exotic species), cattle grazing, mining, the establishment of large towns and cities, and associated industrial activity have occurred over the last two decades (Venter and Deacon 1995). As an example, the upper Olifants watershed (54 575 kM2), located upstream and to the west of the park, has 30 major dams and contains -2.5 X 106 people who largely live in rural Third World conditions. Also, coal burning (in large cities located southwest of the park) results in harmful acid deposition in Kruger. In addition to the water demands of the park and South African communities upstream, the country of Mozambique (located downstream and to the east of Kruger) also needs water for both human use and environmental values. Mozambique is not satisfied with the quantity of water that it is receiving, and the country has threatened to take its concerns to the World Court for resolution if South Africa does not more adequately address its needs (Arenstein 1996, Gleick 1998).
Intensive upstream water abstraction has made some perennial rivers ephemeral (e.g., Letaba and Luvuvhu) for prolonged periods (Moore and Chutter 1988, Russel and Rogers 1989). Although the Sabie River is the only river in Kruger National Park that has never stopped flowing, the flow has been reduced during recent years, and drops in the water Strategies being pursued to manage water quality and quantity within Kruger National Park include: reallocation of upstream waters; agreements with upstream communities to extract water during high and intermediate flows and to allow compensation flows to be maintained during dry months; development of instream flow needs and water management strategies for each of the park's rivers; simulation of historical flows to determine how dams should be managed; and, ironically, construction of new dams to store water for the park during dry periods. Emerging comprehensive strategies for watershed management of Kruger Park are described in detail elsewhere (e.g., Rogers and Bestbier 1997).
Upper watershed
Many biological reserves occur within upper watersheds, especially in mountainous areas (World Conservation Monitoring Centre 1992). Governments often protect such areas because of a combination of poor agricultural potential, scenic value, or protection of human water supplies. Ecological and wildlife values are often a secondary benefit. Some of these areas contain the last vestiges of intact habitat, wildlife, and other natural features in human-dominated landscapes across the globe, yet they are increasingly vulnerable through progressive isolation from their lower watersheds (Pringle 2000a) .
Effects of the isolation of upper watersheds on biological integrity are not well understood. Modifications of lower watersheds such as water extraction, channel modification, land-use changes, nutrient discharge, and toxic discharge can initiate a cascade of events upstream that are often not immediately associated with these original downstream sources of dis-WIMORM05 turbance (Pringle 1997 ). The scale of effects of human disturbances in lower watersheds that are transmitted to upstream reaches varies from genes to ecosystems. Examples include: (1) genetic-and species-level changes, such as reduced genetic flow and variation in isolated upstream populations; (2) population-and community-level changes that occur when degraded downstream areas act as population "sinks" for source populations of native species upstream or, conversely, as "source" populations of exotic species that migrate upstream; and (3) ecosystem-and landscape-level changes in nutrient cycling, primary productivity, or regional patterns of biodiversity. There is a critical need to understand the impact of disturbance at all of these levels (Pringle 1997).
Olympic National Park ( Fig. 4A; 373 ki2) , located in Washington, USA, provides a temperate example of how the loss of connectivity in lower watersheds has upstream effects. Threats include: existing dams and numerous proposed hydropower projects on rivers that flow out of the park; proposed offshore oil leasing; existing oil barge and tanker traffic; logging of lower watersheds; water withdrawals from streams outside of, the park; and acid precipitation (NPCA 1993).
Both the Elwha and Skokomish Rivers have been devoid of migratory fishes within Olympic National Park boundaries (Fig. 4A) Because of this and other environmental damage, there is a movement underway to remove both the Elwha and Glines Canyon dams (Loomis 1996) . Removing both dams would reestablish the year-round supply of food to the many species of birds and mammals that feed on salmonids. Almost 300 ha of terrestrial habitat would be restored, including riparian and wetland regions and 8.5 km of high-quality stream habitat that is currently inundated by the reservoirs. Although still controversial, dam removal has become a much more widely accepted solution to managing hydrologic connectivity to restore the biological integrity of the landscape (e.g., McCully 1997, Lovett 1999).
The Caribbean National Forest ( Fig. 4B; 113 Yellowstone National Park (8998 km2) in Montana, USA, is also threatened by development outside its boundaries (Fig. 5B) . Until recently, potential damage to geothermal features within the park has been a serious concern. Drilling for hot water, oil, and gas can disrupt the flow of groundwater or release hydrostatic pressure critical to geyser eruption. Groundwater extraction can also deplete groundwater tables below levels necessary to maintain surface thermal features (NPCA 1993). An emerging challenge for reserve managers is to address the interactive effects of atmospheric pollution and other hydrologic alterations on the biological integrity of reserves. How will surface and subsurface water withdrawals, combined with stream nitrogen loading, interact with atmospheric N deposition and high ground levels of ozone to affect ecosystem functioning in a given reserve? How can these effects be mitigated?
Global climate change
Reserves are clearly being influenced by human activities through increasingly broad feedback loops in the hydrologic cycle that ultimately include alteration of climate. Although in-depth discussion of this topic is beyond the scope of this paper, predicted impacts of global change on water resources include: increases in global average precipitation and evaporation; changes in regional patterns of rainfall, snowfall, and snowmelt; changes in the intensity, severity, and timing of major storms; rising sea levels and saltwater intrusion into coastal aquifers (e.g., Firth and Fisher 1992, Everett 1995, Gleick 1998). These changes will have many complex, interrelated effects on landscape and regional scales that will affect biological reserves. Diversion of geothermally modified waters for potable water supplies may affect the structure and function of stream ecosystems at La Selva. Moreover, land use and other hydrological alterations in the landscape have the potential to alter interbasin transfers of geothermally modified groundwater to La Selva by affecting the quality and quantity of groundwater recharge (Genereux and Pringle 1997). These interbasin transfers are responsible for large fluxes of water and solutes to lowland streams, and can account for over half of the stream discharge and major cations at some times of year (Wood et al. 1998 ). La Selva is therefore very vulnerable to water quality and quantity alterations via regional hydrological connections that extend well beyond its boundaries and watershed.
In addition, as of July 2000, eight hydroelectric projects currently exist and as many as 13 are proposed for both the Sarapiqui and Puerto Viejo Rivers and their tributaries (ICE 1999; E. Anderson, unpublished dissertation). One proposed project on the Sarapiqui River, just west of La Selva (Fig. 6A) , would remove -90% of the river water over a distance of 4 km by diverting it into a large metal pipe. Cumulative effects of these projects may affect the biological integrity of La Selva Biological Station and Braulio Carrillo National Park. Alterations of river flow regimes as a result of this recent hydropower development could cause negative physical, chemical, and biological changes in stream ecosystems, riparian zones, and floodplain swamp forests (Pringle 2000a) .
It remains to be seen how current and future alterations in hydrologic connectivity will affect La Selva Biological Station and Braulio Carrillo National Park. Human disturbances well outside the boundaries of these two reserves are not within the control of reserve management, yet they may negatively affect their biological integrity. To assess potential ecological impacts of hydrological alterations on La Selva Biological Station, we are currently: (1) identifying the nature and location of the proposed and existing hydropower projects in the region; (2) examining all existing environmental impact assessments for individual hydropower projects (along with historical discharge data of the Sarapiqui River) to make predictions about cumulative impacts of existing and proposed projects on the hydrologic regime of the river system (E. Anderson, unpublished data); (3) continuing our "long-term" (i.e., 1988 to present) monitoring of streams draining La Selva; and (4) expanding our environmental outreach program on water quantity and quality issues in local communities3 (Pringle 1999) to include information about ecological effects of proposed hydropower projects.
CONCLUSION
The field of conservation biology has focused much attention on the optimal size, shape, and configuration of reserves in the landscape without considering the hydrologic framework. The past decade has seen a tremendous advance in our knowledge of hydrologic connectivity that can be applied to the management of existing reserves and the location and design of new reserves. Of the world's land area, < 7% is either strictly or partially protected (World Resources Institute [WRI] 1994), yet many reserves are in danger of becoming population sinks (Pulliam 1988 ) for wildlife if we do not develop a more predictive understanding of how they are affected by changes in hydrologic connectivity outside their boundaries.
The following basic tenets of hydrologic connectivity should be carefully considered by conservation biologists concerned with reserve management, in the context of ecological issues in large-scale conservation biology.
I URL: (http://www.arches.uga.edu/-cpringle/wflproducts.html)
The biological integrity of a given reserve is affected by cumulative alterations of hydrologic connectivity and pollution both within and outside of its boundaries, from relatively local (e.g., single-dam effect) to regional (e.g., cumulative effects of dams, overdrawn aquifers, atmospheric deposition) and global (e.g., climate change) phenomena.
1) The location of a given reserve in the hydroscape (i.e., its juxtaposition with respect to watersheds, regional aquifers, and wind and precipitation patterns) plays a key role in determining how it will be affected by alterations in hydrologic connectivity and pollution transmitted through the hydrologic cycle.
2) Reserves in biomes ranging from arid deserts to tropical rain forests are vulnerable regardless of their size (Fig. 7) and watershed location (Figs. 2-6 ). An old adage of conservation biology is "the larger the reserve the better," but the hydrologic connectivity of large reserves (e.g., the Danube Delta, Death Valley National Park, and Kruger National Park) must be managed on scales that often transcend cultural, political, national, and international boundaries.
3) There is an increasing need for innovative new strategies to manage hydrologic connectivity across the boundaries of biological reserves as they become remnant natural areas in human-dominated landscapes. 
